Decaglycerol laurates have been widely used as emulsifiers in food, medicine, and cosmetic industries for many years. Currently, they are synthesized using alkaline catalysts under stringent conditions. Here, decaglycerol laurates were prepared through a green lipase-catalyzed process, employing the transesterification of methyl laurate with decaglycerol by the immobilized lipase (Novozym 435). Single-factor experiments and orthogonal test were used for reaction optimization. e optimum conditions were obtained as follows: reaction temperature of 65°C, a laurate/decaglycerol molar ratio of 2 : 1, an oscillating speed of 180 rpm, an enzyme dosage (based on amount of methyl laurate) of 8 wt.%, initial water content (based on the total substrate mass) of 5.0 wt.%, and reaction time of 4.5 h with 84.4% conversion of methyl laurate. e transesterification products were identified by electrospray ionization mass spectrometer. In addition, the surface activity of decaglycerol laurates was also characterized, and the surface tension of water was reduced to 33 mN·m −1 at a concentration magnitude of 10 −5 g/mL.
Introduction
e polyglycerol fatty acid esters (PGFEs) are efficient emulsifying agents, which are the mixture of many closely related compounds of complex composition [1] . Recently, researchers have shown an increased interest in biodegradable nonionic surfactants due to the growing applications of environmentally benign products. PGFE has been authorized as food additives in the European Union in accordance with Annex II and Annex III to Regulation (EC) No 1333/2008 on food additives.
In 2017, European Food Safety Authority Panel on Food Additives and Nutrient Sources Added to Food provided a scientific opinion reevaluating the safety of PGFE when used as a food additive and concluded that the PGFE was not of safety concern at the reported uses and use levels [2] . In addition to food industry, PGFEs, as additives, have also been widely applied to various fields, such as, cosmetics, medicine, photography, inks, etc [3] [4] [5] [6] .
PGFE can be synthesized by the esterification of one or more OH groups of polyglycerol with fatty acids. Also, the transesterification between triglycerides and fatty acid methyl esters is employed for the preparation of PGFE. Currently, PGFEs are conventionally produced by the esterification or transesterification reaction in the presence of alkaline catalysts, e.g.,sodium methoxide [7, 8] . Chemical synthesis methods usually suffer from drawbacks such as complex and dangerous purification steps and the formation of chemical waste and by-products. In addition, these procedures require stringent conditions, in particular, high temperatures. Besides involving high energy costs, the high operating temperature results in undesirable odors and coloration, making it unsuitable for the food industry.
Alternatively, enzymatic method could overcome the abovementioned drawbacks.
e enzymatic approach to PGFE synthesis is highly efficient, environmentally friendly, and sustainable with moderate reaction conditions. It has a tendency that the mild enzymatic approach catalyzed by immobilized lipases will replace the traditional chemical methods for PGFE production.
e immobilized lipases have many advantages, including easy recyclability and good reusability [9] . e enzymatic esterification of polyglycerol and fatty acids to give PGFE has been carried out using lipase [10, 11] . Using diglycerol and oleic acid as starting materials, acid conversion of about 90% and monoester selectivity of >94% have been achieved as the best results [12] . However, the PGFE preparations through the transesterification of polyglycerol and fatty acid esters were rarely reported in the literature [13] . Novozym 435 was a very mature commercial lipase originated from Candida antarctica, which was immobilized on a hydrophobic carrier of acrylic resin. It was quite stable over a wide pH range, especially in the alkaline conditions. Due to its high degree of substrate specificity with respect to both regio-and enantioselectivity, Novozym 435 showed broad application for the resolution of racemic alcohols, amines, acids, and the preparation of optically active compounds from meso substrates.
In the present work, using the versatile and well-known Novozym 435, decaglycerol laurates were synthesized by transesterification of decaglycerol with methyl laurate in organic solvent through an enzymatic process. e effects of several factors, including, reaction time, substrate molar ratio, reaction temperature, enzyme dosage, initial water content, and the rotating speed of oscillator, on the enzymatic processes were evaluated. Single-factor experiments and orthogonal test were both employed to optimize the lipase-catalytic transesterification process.
Experimental Procedures

Materials.
e immobilized lipase (Novozym 435) was obtained from Novozymes (China) Biotechnology Co., Ltd., and its activity was determined to be 10000 PLU·g −1 . Methyl laurate (99%) was bought from J&K Scientific Ltd., (Beijing, China). tert-Butanol (>99%) was purchased from TCI Development Co., Ltd., (Shanghai, China). Decylglycerol was provided by Jinan Dowin Chemical Technology Co., Ltd. (Shandong, China), and its average degree of polymerization was determined to be 9.66. All other chemicals were of analytical grade and used as received.
Lipase-Catalytic Production of Decaglycerol Laurates.
e enzymatic syntheses of decaglycerol laurates were carried out in tert-butanol using Novozym 435. e reaction was initiated by adding 0.014 mol methyl laurate, 0.007 mol decylglycerol, 0.2 g enzyme, and 25 mL tert-butanol in a 50 mL Erlenmeyer flask with cover. e reaction mixture was oscillated in an IS-RSV1 thermostatic oscillator (Crystal Technology & Industries, Inc., USA) at 220 rpm and 60°C for six hours. Samples were withdrawn at one hour intervals for HPLC analysis. (3 4 ) orthogonal array (4 factors, 3 levels, 9 tests) was used for optimization of the reaction conditions. Table 1 shows the factors and levels of the orthogonal test, namely, reaction time (4.5, 5.0, and 5.5 h), rotating speed (140, 160, and 180 rpm), enzyme dosage (6, 7, and 8 wt.%), and water content (3.8, 4.4, and 5.0 wt.%).
HPLC Analysis.
Quantitative analysis of methyl laurate was conducted on the Agilent 1200 HPLC-RID system (Agilent, United States), equipped with Agilent Eclipse Plus C18 column (4.6 × 250 mm, 5 μm). Conditions for product separation on the HPLC were a ACN/acetone (1 : 1, v/v) mobile phase; flow rate of 1 mL/min; injection volume of 20 μL, and the column and detector temperature was 35 and 40°C, respectively.
A series of methyl laurate solutions of different concentrations were analyzed through aforementioned method.
e calibration curve of methyl laurate was obtained as y � 47708.0 + 139361.4x (R 2 � 0.99857) and used to determine the concentrations of methyl laurate in reaction mixtures. All trials were conducted in triplicate.
Mass Spectrometry.
Mass spectra were acquired on the API 3200 triple-quadrupole mass spectrometer (AB SCIEX, United States) with Turbo V ™ source and electrospray ionization (ESI) probe operating at positive mode. e mass spectrometer was operated with electrospray voltage +4500 V and source temperature of 450°C. Nitrogen was used as nebulizing gas (GS1), drying gas (GS2), and curtain gas at 55, 60, and 40 units, respectively.
Measurement of Surface Tension.
e equilibrium surface tensions of the aqueous solutions were obtained using a Dataphysics tensiometer DCAT11 (Dataphysics, Germany) by the Wilhelmy plate method. Surfactant solutions were prepared with deionized water. e sample temperature was maintained at (25 ± 0.2)°C. All measurements were replicated at least three times.
Results and Discussion
Effect of Reaction Time.
e time course profile of transesterification is shown in Figure 1 . As expected, the conversion of methyl laurate increased with the increase of reaction time. Finally, the reaction could achieve equilibrium after 6 h with the methyl laurate of 61%. A plateau region was observed after 5 h, indicating that the reaction had reached equilibrium and the conversion did not further increase. Journal of Chemistry
Effect of Substrate Molar Ratio.
e lipase-catalytic reactions were performed at different molar ratios of methyl laurate and decylglycerol. Figure 2 illustrated the maximum conversion of methyl laurate (59%) was observed when the ratio between methyl laurate and decylglycerol was 2 : 1. When the molar ratio further increased to 3 : 1 and 5 : 1, the conversion decreased.
e result was consistent with the reported enzymatic transesterification of methyl esters and diglycerol in a solvent-free system, indicating that the transesterification reaction favored a high diglycerol to methyl ester ratio [10] . Unfortunately, the conversion of the reaction mixture with methyl laurate/decylglycerol molar ratio lower than 2 : 1 could not be measured because further addition of decylglycerol, the substrate with high-viscosity, only resulted in two immiscible phases.
Effect of Temperature.
e influence of temperature on the transesterification reaction was also determined. In general, industrial productions required elevated reaction temperatures because high temperature could enhance the reaction speed, increase the solubility of both substrate and production, reduce microbial contamination, and even promote the reaction equilibrium moving towards the products. As shown in Figure 3 , initially the conversion of methyl laurate increased with increasing temperature, and the highest conversion (63%) was obtained at 65°C. For temperatures higher than 65°C, the conversion of methyl laurate decreased. Similar results were also reported by Duan et al. for the production of 1, 3-diolein via lipase-catalyzed reaction [14] . It is generally considered that enzymes have an "optimal working temperature." For Novozym 435, the optimal temperature is in the range from 40 to 65°C as the temperature could impact the stability of the enzyme via adjusting its secondary and tertiary conformations [15, 16] .
Effect of Enzyme Concentration.
To investigate the effect of the enzyme concentration on the conversion of methyl laurate, a number of experiments with various enzyme dosage (1∼9 wt.%) were performed. As displayed in Figure 4 , the conversion of methyl laurate increased rapidly with lipase concentration increasing in the range of 1∼7 wt.%, which could be due to the increase in the concentration of catalyst causing an increase in the collision frequency with the reactants [17] . At 7 wt.%, the conversion reached 60%. However, when the enzyme concentration was above 7 wt.%, the conversion hardly changed any more. is phenomenon may be resulted from that the active sites of the enzyme molecules presented in large excess would not be exposed to the substrates as the protein aggregations might occur [18, 19] . From a cost perspective, an enzyme dosage of 7 wt.% was considered as an appropriate choice for the transesterification reaction.
Effect of Oscillating Speed.
Experiments were carried out at oscillating speeds between 80 and 220 rpm, under the optimum conditions selected based on the above discussions (65°C, 5 h, molar ratio of methyl laurate and decylglycerol 2 : 1, enzyme dosage 7 wt.%). Figure 5 showed the changes of methyl laurate conversion versus the oscillating speed of the thermostatic oscillator. e conversion of methyl laurate increased firstly and then leveled off when the oscillating speed was higher than 160 rpm. is behavior indicated that there was mass transfer dependence because of external diffusion mechanisms below 160 rpm. However, the system reached equilibrium, and no mass transfer limitation was detected, at high oscillating speed.
Effect of Initial Water Content.
e presence of water in the initial reaction mixture has been recognized as a crucial factor for maintaining the optimum activity of enzyme. An appropriate amount of water is required to balance the rigidity and thermodynamic stability of the enzyme structure [20, 21] . In contrast, excessive water causes acyl migration, leading to decrease in product yield [22] . e effect of initial water content on lipase-catalyzed transesterification of decylglycerol with methyl laurate was studied ( Figure 6 ). As initial water content increased, the conversion increased firstly and then decreased with a maximum at 4.4 wt.%. When more than 4.4 wt.% water was added, the conversion of methyl laurate dropped gradually.
is may be due to the hydrolysis of methyl laurate in the present of water, generating free fatty acid. Yamane et al.
found that free fatty acid content at equilibrium depended on the water concentration in the glycerol phase [23] .
Orthogonal Test.
To achieve maximal conversion of methyl laurate, a three-level four-factor orthogonal test design was employed to optimize the reaction conditions, including, reaction time, oscillating speed, enzyme dosage, and initial water content. e results of orthogonal test are presented in Table 2 . e extreme difference analysis was performed according to the average conversions for each level, k i (i � 1, 2, 3) , and the range of k i , R, listed in Table 2 .
e maximum conversion of methyl laurate was 83.3 ± 1.5% (Table 2 (row 4)) although it is not our final best enzymatic conditions. e optimum conditions determined by the orthogonal experiments were as follows: reaction time was 4.5 h; rotating speed � 180 rpm; enzyme dosage as 8 wt.%, and water content was 5 wt.%. rough confirmatory test, the highest conversion of methyl laurate was obtained at 84.4 ± 1.1 wt.%. As demonstrated in Table 3 , the analysis of variance (ANOVA) was also performed by statistical software SPSS 21.0 (SPSS Inc.). According to the results from both ANOVA and R values, it could be found that the significance of these factors decreased in the order: enzyme dosage > reaction time > water content > rotating speed. Among all the factors, the enzyme dosage had the strongest effect on the conversion of methyl laurate.
Characterization of Decaglycerol Laurates
ESI-MS Analysis.
e mass spectra of decaglycerol and decaglycerol laurates were acquired by electrospray ionization in positive mode. A wide range of peaks corresponding to the characteristic ions of decaglycerol and decaglycerol laurates were found in these spectra (Table 4) . Decaglycerol was a mixture of polyglycerols with different polymerization degree ranging from 2∼14, and therefore, the transesterification products of decaglycerol and methyl laurate were also a series of polyglycerol laurates with different polymerization degree as well as esterification degree.
e peak signals of polyglycerols and polyglycerol laurates with high polymerization degree were weak, so there may be some compounds with even higher polymerization degree that were not observed in the spectra. Table 4 displayed that the products were mainly composed of polyglycerol monoesters with polymerization degree ranging from 2∼10, and a few polyglycerol diesters were observed.
is result indicated that the enzymatic transesterification of decaglycerol and methyl laurate in this experiment has excellent monoester selectivity, consistent with our previous results about the lipase-catalytic production of glycerol monolaurate by transesterification of glycerol and methyl laurate [24] . However, the oligoglycerol fatty acid esters enzymatically prepared by the esterification of oligoglycerol (mainly composed of diglycerol, triglycerol, and tetraglycerol) and linoleic acid always give mixtures of monoesters, diesters, triesters, and tetraesters [12] . Figure 7 showed the surface tension (c) profiles of the aqueous solutions of decaglycerol laurates at 25°C. It was generally believed that for surfactant solutions, the c value decreased linearly as the logarithm of the surfactant concentration increased to a certain point. And beyond that point, it almost maintained constant, where the air/ solution interface was fully saturated. erefore, the CMC value was determined by the break point in the curve. However, the CMC of decaglycerol laurates could not be determined precisely because the surface tension changed gradually without clear break point. Such gradual change may be contributed by the complex compositions of decaglycerol laurates [7] . However, decaglycerol laurates decreased the surface tension of water to approximately 33 mN/m at a concentration magnitude of 10 −5 g/mL, showing good surface activities.
Surface Tension.
Conclusion
is study demonstrated the biosynthesis of decaglycerol laurates with high monoester selectivity by transesterification using Novozym 435 as catalyst. e enzyme dosage, reaction time, initial water content, and oscillating speed were major factors affecting the conversion of methyl 
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